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Available online 30 June 2016As a typical compatible solute, proline is accumulated in plants under environmental
stresses. Proline transporter (ProT) plays an important role in proline distribution between
plant organs. Using a candidate gene approach, we cloned a cDNA sequence for ProT from
common bean (Phaseolus vulgaris L.) and designated the gene PvProT. The deduced amino
acid sequence of PvProT showed high similarity to Bet/ProT proteins from other leguminous
plants, and the highest similarity was observed with mothbean (Vigna aconitifolia L.) VuProT.
Relative quantification of the mRNA level of PvProT using real-time PCR analysis showed
that the PvProT transcript level was higher in leaves than in stems and roots of common
bean plants subjected to drought and salt stress. Under 20% (w/w) PEG-6000 treatment,
drought-resistant plants expressed a higher level of PvProT transcripts than drought-
sensitive plants. Although heterologous expression of PvProT in the Escherichia coli mutant
mkh13 showed that PvProT exhibited uptake activities for proline and betaine, no betaine
content was detected in the common bean. These findings suggest that PvProT plays an
important role in the transportation of proline in common bean plants exposed to drought
and salt stress.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and







Proline is one of the most widely distributed compatible
solutes. Accumulation of proline does not interfere with
normal biochemical reactions. It increases cellular osmotic
potential to maintain a stable intracellular environment and
protects plants from oxidative damage andmembrane integrity.
Wang).
cience Society of China a
lly to this article.
ina and Institute of Crop
license (http://creativecomunder osmotic treatment [1,2]. Two proline-synthetic path-
ways are known in higher plants. One is the conversion of
glutamate and the other is the conversion of ornithine [3]. In
the glutamate pathway, proline is synthesized mainly in the
cytosol from glutamate via pyrroline-5-carboxylate by the
sequential action of pyrroline-5-carboxylate synthetase (P5CS)
andpyrroline-5-carboxylate reductase. Yoshiba et al. [4] reportednd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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of P5CS in Arabidopsis thaliana. Kavi Kishor et al. [5] postulated
that P5CS is the rate-limiting enzyme in proline biosynthesis
in plants. In the ornithine pathway, δ-ornithine aminotransfer-
ase (δ-OAT) plays a key role. δ-OAT transfers the δ-amino
group of ornithine to α-ketoglutarate or related α-keto acids,
thereby forming glutamate semialdehyde and glutamate.
Glutamate semialdehyde is spontaneously cyclized to pyrroline-
5-carboxylate [5]. For degradation, proline is imported into
mitochondria, where it is converted back to glutamate by proline
dehydrogenase and pyrroline-5-carboxylate dehydrogenase
[2].
Under abiotic stress, proline accumulates differently in
different plant organs [6–8]. This difference results not only
from increased synthesis and decreased degradation but
also from transportation. In plants, proline transportation is
mediated by a proline transporter (ProT) [9]. Proline trans-
porters were first isolated from Arabidopsis as highly selective
transporters for proline [10]. In barley (Hordeum vulgare),
HvProT is the only known transporter that recognizes proline
but not betaine. As a salt-inducible gene, HvProT is highly
expressed under salt stress in root tips, especially the root cap
and cortex cells [11]. The EgProT1 protein from oil palm (Elaeis
guineensis) is involved in the uptake of betaine, choline, and
proline. LeProT1 expression in a yeast mutant showed that
LeProT1 transports proline and γ-amino butyric acid with low
affinity and glycine betaine with high affinity [12]. These
findings indicate that ProT proteins show different substrate
specificities in different plants [13].
The common bean is one of the most ancient crops of
the Americas and is also the most important grain legumes
worldwide for direct human consumption. Under drought
and salt stress conditions, the common bean accumulates
proline to resist stress damage [14]. Previously, we investi-
gated proline synthesis in common bean [15]. Recently, we
have cloned a δ-OAT gene from common bean [16]. To com-
prehensively investigate the proline accumulation mecha-
nism, we isolated a cDNA for a ProT from common bean in
the present study. Expressing PvProT in the Escherichia coli
mutant mkh13 showed that the common bean PvProT trans-
ports betaine and proline.2. Materials and methods
2.1. Plant material and growth conditions
Seeds of common bean used in this study were germinated
in dishes irrigated with sterile water for 4 days, and then
single sprouted seeds were transplanted to a pot filled with a
30 g mixture of soil and sand (1:1) and cultured in a growth
chamber under white fluorescent light (16 h light/8 h dark) for
two weeks before drought treatments.
For analysis of the gene expression response to drought
and salt stress, a common bean landrace, Huanghua Dou,
was used. Seedlings were irrigated with 20% PEG-6000 water
solution. Four drought stress treatments were imposed:
4 days of drought stress (4 d-stressed), 3 days of drought
stress (3 d-stressed), 2 days of drought stress (2 d-stressed),
and 1 day of drought stress (1 d-stressed). Seedlings 10, 11, 12,and 13 days old were stressed for 4, 3, 2, and 1 days,
respectively. Untreated plants were irrigated with water for
14 days as control (0 d-stressed). As salt stress treatments,
12-day-old seedlings were irrigated with 100 mL of NaCl
solution of different concentrations (50, 100, 150, and
200 mmol L−1) in each pot and cultured for 2 days. Seedlings
12 days old were irrigated with 100 mL water in each pot and
cultured for 2 days as a salt stress control.
For analysis of gene expression in drought-tolerant and
drought-sensitive common bean, 12-day-old seedlings of
drought-tolerant (F1372 and F5575) and drought-sensitive
(F4409 and F4851) landraces of common bean were treated
with 20% PEG-6000 for 24 h.
Each treatment used 60 single plants and three replicate
experiments were conducted. Immediately after stress was
applied, 60 plant tissue samples for each independent ex-
periment were collected, dipped in liquid nitrogen, and stored
at −80 °C. All tissue samples were randomly divided into three
subsamples, which were used for proline content measure-
ment and total RNA extraction.
2.2. Cloning and sequence analysis of the PvProT gene
After total RNA extraction, first-strand cDNA was synthesized
using PrimeScript 1st strand cDNA Synthesis Kit following
the instructions of the manufacturer (TaKaRa Bio, Inc.). For
amplification of the ProT gene from common bean, a primer
pair P1 (U 5′-ATT CGG TGG ATT CTC GTT CAT TC-3′; D 5′-ATA
TTT TCT GAT CTG AGT GAC C-3′) was designed using the
sequence of GmProT (GenBank ID: NM001250221). PCR was
performed at 95 °C for 5 min, 30 cycles of 95 °C for 30 s, 55 °C
for 1 min, 72 °C for 1.5 min, followed by a final step of 72 °C
for 7 min. Finally, the target band was sequenced by BGI
Corporation after ligation and transformation. Analyses of
nucleotide and amino acid sequences were performed with
DNAstar (http://www.dnastar.com/blast/ncbi-blast.html) and
DNAman (Lynnon Biosoft Corporation, USA) software.
2.3. Determination of proline
Proline content was estimated with the ninhydrin reaction
following Bates et al. [17]. A portion of frozen leaves was
homogenized with 3 mL of 3% (w/v) sulfosalicylic acid and then
the mixture was incubated in a 100 °C water bath for 10 min
and centrifuged at 4000×g for 5 min, after which 1 mL of the
supernatant was taken for analysis and 1 mL of ninhydrin
reagent and 1 mL of glacial acetic acidwere added. Themixture
was incubated in a 100 °C water bath for 30 min and extracted
with 4 mL toluene, and the absorption of the chromophore was
read with a spectrophotometer at 520 nm against toluene as a
blank. Proline content was calculated using a standard curve
constructed with known proline concentration standards.
2.4. Real-time quantitative PCR
To examine the expression pattern of PvProT in response
to drought stress, real-time quantitative PCR was performed
using a C1000 thermal cycler (Bio-Rad Corporation, USA) with
the following primers: PvProT (U 5′-GAC GCT GCT CTC AAC
GAC AA-3′; D 5′-AGC GAT ATT ATG GTA GCA AGA ACT-3′),
Fig. 1 – Phylogenetic analysis of angiosperm ProT proteins.
Amino acid sequences of ProTs from barley (HvProT1–2), rice
(OsProT1), Arabidopsis (AtProT1–3), tomato (LeProT1–3), and
mangrove (AmBet/ProT1–3) were aligned with ClustalW. The
trees were constructed with MEGA 4.0 by neighbor joining
and 1000 bootstrap replications.
386 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 8 4 – 3 9 0with an actin primer pair (U 5′-GAA GTT CTC TTC CAA CCA
TCC-3′; D 5′-TTT CCT TGC TCA TTC TGT CCG-3′) used as an
internal control. The program consisted of denaturation for
2 min at 95 °C followed by 40 cycles of 95 °C for 15 s, 66.5 °C
for 30 s, and 72 °C for 45 s. The relative expression levels were
calculated as 2–ΔΔCT following Livak et al. [18].
2.5. Construction of expression vector for PvProT in E. coli
The coding region of PvProT was amplified from the cDNA of
common bean with primer pairs P2-BamH I (U 5′-GGA TCC ATT
CGG TGG ATT CTC GTT CAT TC-3′) and P2-EcoR I (D 5′-GAA TTCFig. 2 – Prediction of putative membrane-spanning regions in th
Underlined sequences labeled S1 to S9 represent predicted transATA TTT TCT GAT CTG AGT GAC C-3′). PCR products were
subcloned into pGETM and sequenced. The DNA fragments
covering the coding region of PvProTwere prepared by digestion
with BamH I and EcoR I and ligated into the corresponding site
of the pRSETB vector. The resulting plasmid pRSETB-PvProT
was transformed into E. coli MKH13 cells. Transformants were
selected on LB agar containing 50 μg mL−1 ampicillin.
2.6. Complementation test
Complementation testing on agar plates followed Waditee
et al. [19]with slightmodification. E. coli mkh13 cells transformed
with pRSETB empty vector and pRSETB-PvProT were grown
overnight at 37 °C in LB medium (pH 7.0) containing ampicillin
(100 μg mL−1). Cells were then spread on a 0.8% agar plate
containing 0.8 mol L−1 NaCl, 1 mmol L−1 IPTG, and 1 mmol L−1
betaine or 1 mmol L−1 proline and incubated at 37 °C for 7 days.
2.7. Statistical analysis
Analyses of nucleotide and amino acid sequences were
performed with DNAstar and DNAman. Statistical analysis
was performed using SPSS statistical computer package
(version 16.0; SPSS Inc. Chicago, USA). Mean and standard
error (SD) values of three replicates were calculated and
compared with those of the control or among treatments by
analysis of variance to identify significant differences at
P < 0.01, followed by least significant difference tests.3. Results
3.1. Cloning of ProT gene from common bean
cDNA was cloned from common bean using a candidate gene
approach. The isolated cDNA was designated as PvProT. Thee amino acid sequences of PvProT, AtProTl, and LeProTl.
membrane regions.
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contained a 164-bp 3′ untranslated region, a 180-bp 5′ untrans-
lated region, and a 1332-bp open reading frame encoding a
polypeptide of 443 amino acid residues. The native molecular
weight of the PvProT protein was estimated as 58.7 kDa.
In an alignment of the deduced amino acid sequence with
those of 14 amino acid transporters from other angiosperms,
PvProT showed higher identity with ProT proteins from two
other leguminous plants, namely cowpea (Vigna unguiculata)
VuProT (93.5%) and soybean (Glycine max) GmProT (89.8%). The
PvProT protein showed 64.9% sequence similarity with OsProT,
65.5% with HvProT2, and 59.7% with HvProTl. Given that
common bean, mothbean, and soybean are leguminous dicot-
yledons, the above results suggest that ProTs evolved after the
divergence of monocotyledonous and dicotyledonous plants.
As reported previously [13,20], ProT members isolated from a
single plant species always cluster together, indicating that
duplication of the genes was a relatively recent event (Fig. 1).
A hydropathy plot [21] indicated that the predicted PvProT
protein was highly hydrophobic. The pattern of the hydropathy
plot of PvProT was similar to those of AtProTl and LeProTl
(Fig. 2). Transmembrane prediction with the TMpred softwareFig. 3 – Changes in PvProTmRNA levels and proline concentration
PvProT mRNA and proline concentration were measured in the le
different measurements. Different lowercase letters, uppercase l
significance at the 0.01 probability level, respectively.[22] indicated that PvProT contained eight putative membrane-
spanning regions. Both AtProTl and LeProTl were predicted
to contain nine transmembrane regions, as in previous
reports [10,12]. The third and fourth domains of AtProTl and
LeProTl may represent a single region. Thus, PvProT, AtProTl,
and LeProTl may be similar in containing eight membrane-
spanning regions.
3.2. Effects of drought and salt stress on PvProT transcription
Real-time PCR analysis was performed to investigate the
expression of PvProT in the leaf, stem and root of common bean
plants under drought and salt stress. Upregulated expression
of PvProTwas observed during the drought stress period (Fig. 3).
At all time points of drought stress, the level of PvProT
transcripts in leaves of drought-stressed plants was signifi-
cantly higher (P < 0.01) than that of control plants (0 days). In
drought-stressed plants treated for 1, 2, 3, and 4 days, the
relative levels of PvProTmRNA in leaves were 2.1, 11.0, 6.1, and
1.8 times higher than that of the control (0 days). Significant
(P < 0.01) induction of PvProT expression (up to 5.7-fold) was
detected in the roots of drought-stressed plants after 1 dayin common bean under salt and drought stress. The levels of
af, stem, and root. Data are shown as means ± SE of three
etters, and Roman numbers above different bars represent
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(2 days), and then decreased further to 0.4 times at 4 days.
No significant accumulation of PvProT mRNA was detected in
the stem during drought stress.
Transcription of PvProT in the leaves and roots of salt-
stressed plants was significantly (P < 0.01) higher than that of
control plants. The highest level of PvProT transcripts in the leaf
was observed with 150 mmol L−1 NaCl treatment, in which the
relative transcript level was 22.3-fold higher than that of control
plants. Under 100–150 mmol L−1 NaCl treatment, transcription
of PvProT in the roots was stable and was 10.5-fold higher than
that of control plants. Although the PvProT mRNA level in the
stems of salt-stressed plants was slightly higher than that of
control plants, the difference was not significant.
In both drought- and salt-stressed plants, proline concen-
trations in leaves, roots, and stems of stressed plants were
significantly (P < 0.01) higher than that of the control plants.
However, proline accumulation was not stable under stress
treatment. In the later stages of drought and salt stress
treatment, the proline concentration in leaves and roots,
though not in stems, began to decrease (Fig. 3).
3.3. Transcription of PvProT in drought-tolerant and drought-
sensitive common bean
Two drought-tolerant landraces, F1372 and F5575, and two
drought-sensitive landraces, F4409 and F4851, of common
bean were used for further analysis of the relative expression
level of PvProT (Fig. 4). Following treatment with 20% PEG-6000
for 24 h, F4409 and F4851 wilted more severely than F1372 and
F5575. The dehydration rate of F4409 (21.10%) and F4851Fig. 4 – Relative level of PvProTmRNA, proline concentration,
and the phenotypic response of 12-day-old seedlings of
drought-tolerant (F1372 and F5575) and drought-sensitive
(F4409 and F4851) landraces of common bean treated with
20% PEG-6000 for 24 h.(24.95%) was higher than that of F1372 (4.61%) and F5575
(11.23%). Under 20% PEG-6000 treatment, proline concentra-
tion was higher in leaves of the drought-tolerant than in
those of the drought-sensitive landraces. Drought stress also
induced a significantly higher relative level of PvProT tran-
scripts in the drought-tolerant than in the drought-sensitive
landraces. These results suggested that drought-resistant geno-
types might transport proline more frequently and efficiently
than drought-sensitive genotypes.
3.4. PvProT transports betaine and proline
The E. coli mutant mkh13, which is deficient in betT, putPA,
proP, and proU genes, is unable to growwith proline or glycine
betaine (GB) as the sole nitrogen source [23]. Transformation
of mkh13 with the empty expression vector (pRSETB) and the
PvProT cDNA inserted in pRSETB (pRSETB-PvProT) showed that
only PvProT permitted growth in the presence of selective
concentrations of proline or glycine betaine (Fig. 5). In contrast,
mkh13 cells transformed with vector-alone pRSETB did not
recover growth under either condition. These findings sug-
gested that PvProT is a transporter for betaine and proline.4. Discussion
Proline is an organic molecule that accumulates in plants
exposed to stress conditions such as drought and salinity [24].
A correlation between proline accumulation and abiotic stress
tolerance is indicated, based on findings for different plants
and cell cultures [25]. In accord with these previous investi-
gations, the present study showed that drought-resistant
strains (F1372 and F5575) of common bean accumulate higher
proline concentrations than drought-sensitive landraces (F4409
and F4851) under drought stress. Thus, F1372 and F5575, with the
higher concentration of proline acting as an osmoprotectant,
showed superior capability to tolerate the resulting high osmotic
potential. F4409 and F4851 wilted more severely than F1372 and
F5575 when exposed to PEG for 24 h.
Among the leaf, root, and stem of common bean seedlings,
the proline concentration and the level of PvProT mRNA were
highest in the leaf. In addition, evaluation of PvProT gene
expression profiles indicated that drought-tolerant genotypes
showed higher expression levels of PvProT than did drought-
sensitive landraces. These results suggested that following the
expression increase of PvProT, proline transportation may
increase rapidly. Fujiwara et al. [26] showed that HvProT2
functions as an influx transporter of proline localized in the
mestome sheath and lateral root cap cells in barley. In tomato
(Solanum lycopersicum), however, expression of LeProT1 was
confined to pollen grains and was correlated with elevated
proline concentrations [18]. Raymond and Smirnoff [27] verified
that increased accumulation of proline in the tip region of
maize (Zea mays) roots was achieved by proline transport but
not by de novo synthesis of proline. Although AtProT1 was
expressed in all organs of the plant, the highest quantities were
detected in the peduncle phloem, which enters the carpels, and
expression was downregulated after fertilization [10].
Glycine betaine (betaine) is an important osmoprotectant
in bacteria, algae, plants, and animals. In plants, betaine is
Fig. 5 – Complementation test of proline/betaine-deficient E. coli mkh13 mutant cells with PvProT. mkh13 mutant cells were
grown for 3 days on agar medium supplemented with 0.8 mol L−1 NaCl and 1 mmol L−1 proline or 1 mmol L−1 betaine as
described in Materials and methods. The control represents mkh13 cells transformed with the pRSETB vector.
389T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 8 4 – 3 9 0synthesized in chloroplasts from choline via a two-step
oxidation process and must be transported for a long distance
in response to environmental stresses [20]. Waditee et al. [19]
reported that betaine-accumulatingmangrove harbors betaine/
proline transporters that can efficiently take up betaine and
proline with similar affinities. In the present study, although
betaine content in common bean was not measured, comple-
mentation testing using E. coli mkh13 indicated that PvProT
transports both proline and betaine. Three proline transporters
of Arabidopsis transport the compatible solutes proline and
glycine betaine as well as the stress-induced compound
γ-aminobutyric acid, when expressed in heterologous systems
[28]. Expression of cDNA of EgProT1 in the E. coli mutant mkh13
indicates that the protein exhibits uptake activities for glycine
betaine, choline, and proline [13]. Barley HvProT1 is the only
known transporter that recognizes proline but not betaine [29].
These findings imply that transportation of proline is the main
function of proline transporters in plant organs.
Limited information about proline transportation in com-
mon bean is presently available. The study of PvProT expression
in response to drought and salt stress thus contributes to the
elucidation of the network of proline metabolic mechanisms in
this important crop. The insights into proline transportation
obtained in this study provide a basis for future studies on
the improvement of drought and salt tolerance in common
bean.Acknowledgments
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